Introduction
============

Barometric pressure falls with ascent to altitude and with it the partial pressure of inspired oxygen. The resulting reduction in systemic oxygen availability (hypobaric hypoxia) impairs physical performance and can be detrimental to health and survival ([@mst089-B27]; [@mst089-B23]). It may also impair placental function and neonatal survival ([@mst089-B31]). Over generations, such effects are likely to have exerted pressure for the selection of beneficial genetic variants in humans who have settled the three major high-altitude regions of the world: the Tibetan Plateau, the Andean Plateau, and the Ethiopian highlands. However, the genetic targets of selection may, in part, have differed between these populations: for example, hemoglobin concentration and oxygen saturation vary between them ([@mst089-B3]). Indeed, hemoglobin concentrations are largely independent of altitude (up to 4,000 m) in Tibetans but rise with altitude in the high-altitude Andean population ([@mst089-B3]). Tibetan individuals also have lower arterial oxygen saturations than Andeans at the same altitude ([@mst089-B3]). Both traits are highly heritable ([@mst089-B29]; [@mst089-B31]). In contrast, among male Ethiopians of mostly Amharic ethnicity living at altitudes of 3,500 m, both hemoglobin concentration and arterial oxygen saturation remain almost the same as those of US sea level males ([@mst089-B5]) and show small changes compared with lowland Amhara individuals ([@mst089-B2]). In contrast, [@mst089-B43] observes higher hemoglobin concentration in the high-altitude Amhara compared with Hamer individuals from altitudes of approximately 1,000 m. These observations suggest that the genetic adaptation to high altitude in Ethiopians may differ from that in Tibetans and Andeans.

At the cellular level, activation of the HIF hypoxia-sensing pathway is the key response to a reduced oxygen environment, primarily through the activity of the HIF-1α and HIF-2α transcription factors. In the case of Tibetans, two genes within the HIF hypoxia-sensing pathway exhibiting strong signatures of positive selection in response to high altitude have been identified (e.g., *EPAS1* and *EGLN1*; [@mst089-B4]; [@mst089-B7]; [@mst089-B46]; [@mst089-B50]; [@mst089-B36]; [@mst089-B48]; [@mst089-B49]). In Andeans, *EGLN1* is the only gene so far identified, which also has strong signatures of positive selection in Tibetans ([@mst089-B7]). In Tibetans, variants in these genes are associated with a minimal increase in hemoglobin concentration at high altitude.

Recently, [@mst089-B43] searched for signatures of positive selection across the genome in one high-altitude Ethiopian population---the Amhara. Using a number of statistical methods for detecting selection (including per single-nucleotide polymorphism \[SNP\] *F*~ST~ between pairs of populations, locus-specific branch length \[LSBL\], integrated haplotype score \[iHS\], cross population composite likelihood ratio \[XP-CLR\], and SNP-phenotype association), they proposed several genes as candidate targets of positive selection. More recently, [@mst089-B2] analyzed both the Amhara and the Oromo, two populations that inhabit high-altitude regions in Ethiopia. In that study, they conducted many population comparisons designed to detect selection in high-altitude Amhara and Oromo and look for enrichment of hypoxia genes in their results. They also employ genotype--phenotype associations to propose some candidate genes.

However, studying high-altitude adaptation in Ethiopia is challenging for at least two reasons. First, because of its geographic location, it is likely that there has been gene flow from sub-Saharan Africa, northern Africa, and the Middle East into Ethiopia. Indeed, Ethiopian populations share a non-negligible proportion of their genetic material with other non-African populations ([@mst089-B44])---perhaps as high as 40--50% ([@mst089-B33]). Also, there has likely been substantial gene flow between low- and high-altitude populations within Ethiopia and nearby regions. Second the Ethiopian highlands are in a lower altitude than the Andean and Tibetan Plateaus.

Here, we undertake an analysis of the Amhara, Tigray, and Oromo genotype data published in [@mst089-B33], which are individuals sampled at intermediate altitudes of approximately 1,800 m. Archeological studies in Ethiopia show that humans have inhabited regions of more than 2,000 m for thousands of years ([@mst089-B8]; [@mst089-B38]). Both the Amhara and the Oromo populations have inhabited regions of more than 2,500 m for many generations. [@mst089-B2] assume 5,000 years as a reasonable estimate for the Amhara high-altitude settlement in Ethiopia. In contrast, the estimates of when the Oromo settled in regions of high altitude are far more recent at approximately 500 years ([@mst089-B24]; [@mst089-B14]). Part of the analysis from [@mst089-B2] shows that genome-wide genetic differentiation between the high- and low-altitude Amhara or between the high- and low-altitude Oromo is almost negligible as measured by principle components analysis (PCA) and *F*~ST~ analyses (see fig. S3 and text S2 in [@mst089-B2]). We also show that when comparing the high-altitude Amhara from [@mst089-B43] with the Amhara considered in this study, we do not observe evidence for population subdivision between these two populations ([supplementary fig. S1*A*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) and [S2*B*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online), which suggests continual gene flow between the high- and intermediate-altitude populations or a small divergence time. Therefore, we expect the signal of positive selection to remain detectable in the populations considered here, even if their current environment does not expose them to such extreme selection pressure.

Both the Amhara and Tigray populations share the same Semitic language group, cluster in PCA ([@mst089-B33]), and live at similar elevations. We, therefore, scanned both a separate and a pooled sample of Amhara--Tigray individuals for signals of positive selection and compared our findings with those from previous studies on high altitude adaptation in Ethiopians. For completeness, we carried out the same analysis with Oromo samples, both separately and when pooled with the Amhara--Tigray groups (see Materials and Methods for exact altitude of the sampled populations). The low altitude populations employed in the study consist of the Afar and the Anuak from [@mst089-B33]. Finally, we conducted a simulation study to assess the effects of admixture on our ability to detect true signatures of positive selection in admixed populations.

To detect selection, we used a statistical method that, for each gene, ranks signals based on a previously developed score, termed the population branch statistic (PBS; [@mst089-B50]). The PBS method has been proven effective in detecting selected loci among high-altitude Tibetan populations. It employs three populations, such that a population's PBS value corresponds to the magnitude of the allele frequency change at a given locus relative to the divergence from the other two populations (see Materials and Methods). In this study, we sought to identify signals of positive selection specifically in Ethiopians hypothesized to be high altitude adapted. Therefore, we applied the test on the Amhara, Tigray, and Oromo separately as well as the Amhara--Tigray or Amhara--Tigray--Oromo pooled data. Briefly, we computed the PBS for each gene region after correcting for non-African admixture (see Materials and Methods). When allele frequencies were corrected for admixture from European or Middle Eastern populations, the top candidate is *BHLHE41*, a gene of functional relevance to both hypoxic-response and circadian rhythm pathways.

Results
=======

Non-African Admixture in Ethiopians
-----------------------------------

The Ethiopian populations considered in this study share a moderate degree of genetic similarity with some non-African populations. [Figure 1](#mst089-F1){ref-type="fig"} shows Ethiopian populations clustering between sub-Saharan Africans and non-Africans. Notably, African Americans also lie between sub-Saharan Africans and non-Africans, and they are known to have about 20% of European ancestry on average ([@mst089-B47]). This clustering pattern is consistent with previous results reported for the same samples, where it was shown that it is likely due to European admixture (between 40% and 50%) into Ethiopians at approximately 3,000 years ago ([@mst089-B33]). In addition, by fitting a model of population splits with three migration events using the software TreeMix ([@mst089-B37]), we observe that the most likely model has migration events stemming from an ancestral (or unsampled) population from the non-African populations ([supplementary fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). Though the current understanding of the demographic history for Ethiopians remains incomplete, such admixture could result in spurious signals of positive selection if the admixture proportion differs among Ethiopian populations. In fact, when the selection scan was performed without correcting for admixture, the first and second most significant genes for the Tigray--Amhara scan were *MYEF2* and *SLC24A5* ([supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online), which both display strong signatures of positive selection in Europeans, and are suggested to relate to lighter skin pigmentation ([@mst089-B22]). Therefore, we propose that the higher European admixture proportion observed for these genes in the high altitude compared with the low-altitude Ethiopians led to the potentially spurious signal of altitude adaptation. Indeed, if we calculate the average European admixture in the *MYEF2-SLC24A5* region (see Materials and Methods), then we find it to be about 22% in the low-altitude Afar, but 48% and 44% in the high-altitude Amhara and Tigray, respectively. We cannot rule out, however, that the European alleles were indeed differentially selected in the high-altitude population due to an unknown selective pressure. However, we will in the following use an admixture-corrected version of the PBS by [@mst089-B50] to detect selection (see Materials and Methods for details on this method). F[ig]{.smallcaps}. 1.Multidimensional scaling for the HGDP, HapMap 3, and Ethiopian populations. Note that the Anuak individuals lie between the Yoruban and African American individuals, and the Afar, Amhara, Tigray, and Oromo individuals lie between the African American and Middle Eastern individuals.

### Simulation Results: Correcting for Admixture Leads to Fewer False Positives

To assess whether correcting for admixture leads to fewer false positives, we performed two types of simulations (see Materials and Methods for details). In the first scenario, we simulated two admixed populations: one with selection at a given locus and with a higher admixture proportion, representing the non-African admixed highland Ethiopians, and the other without selection and a lower admixture proportion, representing non-African admixture in the lowland Ethiopians (see [supplementary fig. S3*A*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). In the second scenario, the non-African population itself experiences positive selection at a locus before the admixture event (e.g., *SLC24A5* locus in Europeans), but the admixed populations experience no selective event (see [supplementary fig. S3*B*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). This scenario evaluates the false positive rate for our PBS with or without the admixture correction.

In [supplementary figure S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, we plot receiver operator characteristic (ROC) curves under the first simulation scenario ([supplementary fig. S3*A*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online) and identify signals of selection with the PBS. The null distribution of the PBS is derived from the same demographic models in [supplementary figure S3*A*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) and [*B*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, without any selective event (i.e., neutrality). The ROC curves reveal that correction for admixture improves the sensitivity (i.e*.*, the true positive rate as defined by the proportion of true selection signals correctly identified as selection signals by the PBS) and lowers the false positive rate for detecting selection in the admixed population. However, in practice, one is often only concerned with a method's performance at reasonably low false positive rates. For two of the parameter values displayed in [supplementary figure S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [supplementary figure S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) ([Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online), focuses on more realistic false positive rates, varying from 0.0 to 0.05. It shows that within this range correcting for admixture affords approximately a 20% increase in sensitivity when compared with not correcting for admixture. In addition, [supplementary figure S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, shows that correcting for admixture correctly down weighs the false signal of selection in the admixed population that arises from an adaptive event in the non-African group (i.e., under the setting displayed in [supplementary fig. S3*B*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). It is worth noting, however, that even without correction, the PBS is mostly robust to admixture at the level simulated here.

Selection Scans
---------------

### Selection Scan in Amhara--Tigray After Correcting for Admixture

[Figure 2](#mst089-F2){ref-type="fig"}*A* plots the PBS values for each gene and groups them with PBS values from other genes containing identical numbers of SNPs. [Supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, lists the top 25 genes after correcting for admixture when the Amhara and the Tigray populations are combined. F[ig]{.smallcaps}. 2.The empirical distribution of the population branch statistic (PBS) values per gene region as a function of the number of SNPs in the gene. The *y*-axis is the corresponding PBS value of the gene region with a given number of SNPs (the *x*-axis). The *x*-axis has been truncated at 300 SNPs. (*A*) Results for the Tygray-Amhara comparison. (*B*) Results for the Oromo comparison.

At the top of the list is *BHLHE41* (also known as *DEC2* or *SHARP1*), which is also an extreme outlier with respect to the empirical distribution of PBS values for genes with comparable numbers of SNPs ([supplementary fig. S7*A*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). This gene is a biologically plausible candidate for selection, being involved in hypoxic-response pathways and having a physical interaction with *HIF-1α*. [Figure 3](#mst089-F3){ref-type="fig"} illustrates the known and predicted interactions for BHLHE41 from the STRING database ([@mst089-B19]), including several components of the hypoxia pathway. The HIF-1α/ARNT1 protein heterodimer plays a critical role in the hypoxia-induced transcription of vascular endothelial growth factor (*VEGF*) ([@mst089-B13]), and BHLHE41 negatively regulates *VEGF* expression by its interaction with HIF-1α/ARNT1 activation ([@mst089-B42]). In addition, the promoter region of *BHLHE41* contains a hypoxia response element that is bound and transcriptionally regulated by HIF-1α, generating an apparent negative feedback loop ([@mst089-B26]). More recently, experiments in breast cancer cell lines have confirmed the direct interaction of BHLHE41 with HIF-1α and demonstrated that BHLHE41 is a global inhibitor of HIF-1α and HIF-2α's transcriptional activity via downregulation of HIF-1α and HIF-2α protein expression ([@mst089-B28]). BHLHE41 is proposed to facilitate the delivery of the HIF proteins to the proteasome ([@mst089-B28]). *BHLHE41* also ranked highly when the analysis is performed using only the Tigray or only the Amhara population ([supplementary tables S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) and [S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, respectively). F[ig]{.smallcaps}. 3.STRING 9.0 ([@mst089-B19]) database of interactions with BHLHE41, including up to 10 direct links with other genes and 10 genes separated by two links from BHLHE41. Colored links connected to BHLHE41 are from PubMed co-occurrence (yellow) and comembership in pathways from the NCI-Nature Pathways Interaction Database (light blue).

*BHLHE41* is also a component of the circadian clock pathway ([@mst089-B17]; [@mst089-B20]), and a mutation in *BHLHE41* is associated with a short-sleep phenotype in humans ([@mst089-B15]). Interestingly, the genes at the 18th and 19th position (*DKFZp779M0652* and *SLC35C1,* respectively) in [supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, are within 100 kb of *CRY2*, a gene that is also a member of the circadian clock pathway. CRY2 may indirectly suppress HIF-1α/ARNT1 activity through the transcriptional regulation of the circadian *PER1* gene, which is known to interact with *HIF-1α* via the PAS domain ([@mst089-B21]). Extensive crosstalk between circadian clock and hypoxia pathways has been previously elucidated ([@mst089-B9]). Another gene, *SMURF2* (*SMAD*-specific E3 ubiquitin-protein ligase 2), plays a role in the vascular inflammatory response in the presence of hypoxia in endothelial cells through an upregulation of *TGF-β* signaling ([@mst089-B1]). In addition, *CASP1* (caspase 1) is in the hypoxia response pathway and has been implicated in the pathogenesis of many disorders including cardiovascular disease. Interestingly, the alcohol dehydrogenase genes *ADH6, ADH1A*, *ADH1B*, and *ADH1C* are differentiated between the low- (Afar and Anuak) and the high-altitude populations (Tigray and Amhara). They have previously been observed to display strong signals of positive selection, concurrent with the introduction of agriculture and fermentation in human societies ([@mst089-B35]), and were also identified in the recent study of Amhara high-altitude populations ([@mst089-B2]).

The ranking in [supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, discussed in the previous section is based on PBS calculated from the aggregation of all the SNPs in the immediate region (i.e., within 50 kb upstream or downstream) of the gene. If we instead calculate PBS for each SNP separately, and then rank genes that are within 50 kb of each SNP, we again retrieve *BHLHE41, SMURF2*, and *CASP1* ([fig. 4](#mst089-F4){ref-type="fig"} \[Amhara--Tigray comparison\], and [supplementary fig. S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online) as having a group of SNPs with PBS values above the 0.10% cutoff of the empirical distribution of all PBS values. These three genes thus rank highly when either "per SNP\" or "per genic-region\" analyses are performed. F[ig]{.smallcaps}. 4.Per-SNP PBS results. Gaps represent regions of the genome that were not covered. Names of genes in black contain at least one SNP in the top 0.10% of SNPs that is located inside the gene. Genes in red contain at least one SNP in the top 0.10% that is located within 50 kb of the gene but not within the gene. The top and bottom horizontal dotted lines are the 0.05% and 0.10% empirical cutoffs, respectively. The names in the shaded gray area are the population(s) considered (Amhara--Tigray, Oromo, and Amhara--Tigray--Oromo). [Supplementary figures S8--S10](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, display all 22 autosomes for each population comparison shown here.

### Selection Scan in the Oromo

Applying the same methodology to the Oromo population, and employing the same low-altitude (the Afar) and outgroup (the Anuak) populations as controls, *BHLHE41* again emerges as the most significant locus, with or without admixture correction (see [fig. 2](#mst089-F2){ref-type="fig"}*B* and [supplementary table S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). In the Oromo, *BHLHE41* is also an extreme outlier with respect to the empirical distribution of PBS values for genes with comparable numbers of SNPs ([supplementary fig. S7*B*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). If we instead calculate PBS for each SNP separately, and rank genes that are within 50 kb of each SNP, then we still retrieve *BHLHE41* (see [fig. 4](#mst089-F4){ref-type="fig"} \[Oromo comparison\], [supplementary fig. S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online)*.* Interestingly, unlike the Amhara and Tigray, neither the alcohol genes nor the pigmentation genes show strong differentiation between the Oromo and the low-altitude Afar. If we pool the Oromo with the Amhara and the Tigray, *BHLHE41* remains the top candidate ([fig. 4](#mst089-F4){ref-type="fig"} \[Amhara--Tigray--Oromo comparison\], [supplementary figs. S6*C*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) and [S10](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) and [table S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online).

The identification of the *BHLHE41* gene in the Oromo population supports the hypothesis that it arose by a single early selective event affecting an ancestral population, rather than by two independent selective events. The genetic differentiation between the Oromo and the Amhara (*F*~ST~ = 0.01, [@mst089-B2]; *F*~ST~ = 0.02, [@mst089-B33]) is sufficiently small to support a scenario in which selection occurred in an ancestral Amhara--Tigray--Oromo population. Alternatively, it is possible that we observe selection on *BHLHE41* in the Oromo due to recent gene flow followed by selection for the variant, causing its frequency to increase. Unlike the Amhara, records point to a recent (∼500 years) settlement of the Ethiopian highlands by the Oromo population ([@mst089-B24]; [@mst089-B14]). This recent estimate would support the scenario of selection aided by gene flow. In fact, in the genic region of *BHLHE41*, the *F*~ST~ between the Oromo and the Amhara and between the Oromo and the Tigray is smaller than between the Oromo and the Afar despite the latter pair belonging to the same language group (Cushitic). Furthermore, the *F*~ST~ between Amhara and Oromo in that gene region (*F*~ST~ = 0.01) is smaller than the median across all gene regions (median *F*~ST~ = 0.03), and the same observation holds true between the Oromo and the Tigray populations. The *F*~ST~ values, therefore, are on the lower end of the distribution of *F*~ST~ values across all gene regions, suggesting that selection has acted to reduce genetic differentiation between high-altitude adapted populations at this locus. If this scenario is true, then this is the first example in humans of natural selection acting to reduce *F~ST~* between populations in a genomic region. Populations of Ethiopia, however, have a complex demographic history, and more studies are needed to reconcile these observations and attest their statistical significance.

Comparison with Other Studies
-----------------------------

[@mst089-B43] performed a scan for positive selection in the Amhara, one of the high-altitude Ethiopian populations analyzed here, albeit sampled from a different location in Ethiopia. Overall, they found no enrichment for HIF pathway genes but did propose a number of candidate genes: *VAV3*, *CBARA1*, *THRB*, *ARNT2*, *PIK3CB*, *ARHGAP15*, and *RNF216*. All these genes have SNPs with LSBL values in the top 0.10% of their analysis. If we intersect their full gene list from the top 0.10% of SNPs (listed in table S2 in [@mst089-B43]) with our hypoxia-related genes (see Materials and Methods for definition of this hypoxia set), we obtain *DDIT4*, *NARFL*, *RYR2*, *RYR1*, *ARNT2*, and *GATA6*. For an equivalent analysis, we examined our Amhara sample without correcting for admixture and retrieved the SNPs with PBS values in the top 0.10%, revealing a collection of hypoxia-related genes: *PPARA*, *ANGPT2*, *RYR2*, *SFRP1*, *ITPR2*, *TP53*, *CHRNB2*, *FLT1*, and *PYGM*. From our top-ranking list, only *RYR2* overlapped with their LSBL list. They do, however, identify *PPARA* from the XP-CLR test of selection, and if we extend the interval to include genes within 100 kb of the top 0.10% of SNPs, then *VAV3* and *THRB* also appear in common. In our data set, we could not identify any SNPs in or near *CBARA1*, *ARNT2*, or *PIK3CB* with PBS values in the top 0.10%.

The more recent study by [@mst089-B2] made multiple Ethiopian high- and low-altitude population comparisons (table S22 in [@mst089-B2]), and they included results with the same PBS we apply here. They concluded that with the PBS metric, the most significant enrichment of hypoxia-related genes emerged when comparing a mixed high- and low-altitude Amhara population to the Masai (Luhya as outgroup). Their results are marginally significant when comparing high-altitude Amhara to low-altitude Amhara, which suggests, analogous to what we find between Amhara and Tigray, that the population groups are so closely related that they both still harbor the selected loci at similar frequencies. However, their candidate gene list with extreme PBS values does not include *BHLHE41*, and none of their PBS candidates are significantly associated with hemoglobin concentration or oxygen saturation phenotypes. Interestingly, one SNP within a hypoxia-related gene, *RORA*, does associate with hemoglobin concentration in the Amhara despite lacking a signature of positive selection.

Expected Number of Hypoxia-Related Genes
----------------------------------------

We performed a permutation test (see Materials and Methods) to assess the number of hypoxia-related genes that would be expected by chance to be found in a random selection of the same number of genes that we observe in the top 0.10% of SNPs and found that the expectation varies from 6 to 12 genes depending on the high-altitude population considered ([supplementary table S7](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). Our analysis identified between 7 and 16 genes in the hypoxia-related set, which is not a statistically significant enrichment. For a comparison of gene lists that include our admixture correction and all the high-altitude populations, we calculated a PBS score for each SNP in 14 cases: before and after correcting for admixture, for the Amhara, Tigray, and Oromo separately as well as to their pooled data. We then identified genes within 50 kb of the top SNPs. [Supplementary table S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, displays the results of intersecting the genes within the top-ranked 0.10% of SNPs with the hypoxia-related gene set, with the exception of *BHLHE41* (which was not included in the gene set definition but retrospectively appears to be highly relevant for hypoxic response). Notably, *BHLHE41* and *RYR2* are the only genes that appear under all the 14 scenarios considered.

Discussion
==========

In this study, we have compared Ethiopian populations to identify genes that are likely involved in the Ethiopians' adaptation to high altitude. Although the current sampled populations live at intermediate elevations, it is likely that they are descendants of high-altitude adapted populations who lived at elevations greater than 2,500 m, and therefore, we expect the signals of selection to remain detectable in the modern populations. In addition, the current altitude of residence (∼1,800 m) is not free of selective pressure. Standard barometric pressure at 1,800 m is 604 mmHg at 2,000 m, a reduction of nearly 20% when compared with sea level, which has clear biological effects. Indeed, low birth weight is three times more common at elevations greater than 2,000 m even in the United States, with a threshold effect of 1,500 m ([@mst089-B51]). Furthermore, using a candidate gene approach, [@mst089-B32] identified highly differentiated regions of strong relevance to the hypoxia response (in both *EGLN1* and *HIF1A*) between low-altitude populations and Daghestani populations living at moderate altitudes of approximately 2,000 m.

One challenging aspect of our analysis is that Ethiopians have a complex demographic history, involving, among other events, admixture with non-Africans ([@mst089-B33]). If admixture is not corrected for, then genes such as *SLC24A5*, which are involved in lighter skin pigmentation in Europeans, show strong signals of positive selection in the high-altitude populations. Accounting for admixture in the pooled Amhara--Tigray samples results in a decrease in the strength of these potentially spurious signals of high-altitude adaptation, and, instead, yields the strongest signal from the *BHLHE41* gene*.* Furthermore, in the Oromo, the strongest signal is also in the *BHLHE41* gene. This is a functionally relevant candidate gene with a major regulatory role in the same hypoxia-sensing pathway that has undergone selection in Tibetan and Andean populations. It is transcriptionally regulated by HIF-1α, binds HIF-1α, and represses many of the hypoxia-induced transcriptional targets including *VEGF,* likely due to the increased degradation of HIF-1α and HIF-2α proteins by BHLHE41 ([@mst089-B26]; [@mst089-B42]; [@mst089-B28])*.* In addition, it is a component of the circadian clock pathway ([@mst089-B17]; [@mst089-B20]), and a mutation in *BHLHE41* is associated with a short-sleep phenotype in humans ([@mst089-B15]).

A role in hypoxic responses offers a clear target for selection in response to altitude, but a role in the regulation of circadian cycles is perhaps less clear. However, extensive circadian-hypoxia pathway crosstalk occurs ([@mst089-B9]). Indeed, hypoxia-mediated changes in circadian rhythms have been suggested to be a key driver of the sleep fragmentation and poor sleep quality seen in lowlanders at high altitude ([@mst089-B30]). In agreement, sleep quality is better in the native high-altitude populations of Tibet and the Andes ([@mst089-B10], [@mst089-B11]; [@mst089-B39]).

The genes highlighted in our analyses were not detected, however, in previous studies of Ethiopian highland populations ([@mst089-B2]; [@mst089-B43]), and a number of differences between our analyses and theirs could account for this. The first relates to the choice of low-altitude reference group. We compared the high-altitude Amhara, Tigray, and Oromo populations against the Afar, a low-altitude population with a similar genetic and linguistic (Afro-Asiatic language group) background. [@mst089-B43] used the low-altitude Omotic group, which is less closely related to the Amhara, as shown using comparable samples in [@mst089-B33]. In contrast, [@mst089-B2] used multiple low-altitude groups (table S22 in [@mst089-B2]). In one of their PBS three-population combinations, they compare the low-altitude Amhara and high-altitude Amhara and find marginal enrichment for hypoxia-related genes, but it may be that continued gene flow between the two groups have kept the putative selected mutations at similar frequencies. Accordingly, when they pooled the low- and high-altitude Amhara, they find stronger enrichment in hypoxia-related genes. The second difference is that we chose the Anuak as our outgroup; in [@mst089-B43], two outgroup populations (the Yorubans and the Europeans) were employed, whereas [@mst089-B2] used various outgroup populations not including the Anuak. The third difference is that we found it important to correct for population admixture ([supplementary figs. S4--S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). If SNP frequencies are left uncorrected, then much of the selection signal could derive from differences in admixture proportions. [@mst089-B43] and [@mst089-B2] utilized a European population as an outgroup, and this potentially indirectly removed the non-African admixture effect in their analyses. The fourth difference is that the populations of this study are living at intermediate altitudes. However, as we mentioned in the Results section, when we compare high-altitude Amhara populations from [@mst089-B43] with the intermediate-altitude Amhara population from this study, we do not observe any significant population structure ([supplementary fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). This genetic evidence suggests that the high- and low-altitude Amhara are likely derived from the same ancestral population. Thorough meta-analyses, sequencing of larger samples, and the collection of other relevant phenotypes should help resolve the inconsistent results among the Ethiopian studies so far.

We agree with the conclusions of [@mst089-B43] and [@mst089-B2] that high-altitude adaptation can take place by distinct genetic alterations, as there is no overlap with the candidate genes from this study and those of previous Tibetan and Andean studies. However, Tibetan and Andean environments are considerably more extreme at elevations greater than 4,000 m, and phenotypic differences exist in hemoglobin concentrations and oxygen saturation. Thus, the underlying genetic differences may reflect different biological adaptation mechanisms. Furthermore, the high-altitude Ethiopian populations are the least isolated of the three global high-altitude populations, increasing the difficulty of uncovering signatures of adaptation. Nevertheless, at the pathway level, we demonstrated broadly shared biological processes targeted by selection in each of the adapted high-altitude populations, indicative of convergent evolution. The top gene revealed by our analyses, *BHLHE41*, is an excellent candidate for further studies as it has an important function in the hypoxia response pathway. Given its role in the circadian clock, it also provides justification to explore the relationship between hypoxic conditions and the circadian cycles in future studies.

Materials and Methods
=====================

Data
----

We analyzed genetic data of individuals from Ethiopia available from [@mst089-B33]: namely, three high-altitude populations (26 Amhara, 21 Tigray, and 21 Oromo individuals) and two low-altitude populations (12 Afar and 23 Anuak individuals). The Amhara and Tigray are members of the Semitic and the Afar and the Oromo of the Cushitic linguistic groups, both belonging to the Afro-Asiatic linguistic family. The Anuak are members of the Nilotic language group, a member of the Nilo-Saharan linguistic family. The Amhara, Tigray, Oromo, Afar, and Anuak samples were collected at altitudes of 1,829 m, 1,695 m, 1,758 m, 400 m, and 500 m, respectively. Though the samples were not collected at extremely high altitudess, the Amhara and Oromo populations have been residing in regions of Ethiopia higher than 2,500 m for many generations ([@mst089-B24]; [@mst089-B14]; [@mst089-B2]). The Tigray individuals were chosen, so that they had both parents and all grandparents living at greater than 2,000 m. Using these five populations, we performed five selection scans without correcting for admixture and another five selection scans after correcting for admixture. In one scan, we combined the two high-altitude populations (Amhara and Tigray), and in another scan, we combined the three high-altitude populations (Amhara, Tigray, and Oromo). In the other three scans, we considered the Amhara, Tigray, and Oromo separately. All consent information can be found in [@mst089-B33].

Multidimensional Scaling
------------------------

Between each pair of individuals and in our data set, we computed the allele sharing distance. For a particular site *k* in the genome, the pair of individuals and have a distance, denoted as , of 0.0 if they both have the same genotypes, they have a distance of 0.5 if one has a homozygous and the other has a heterozygous genotype, and they have a distance of 1.0 if they are both homozygous but for different alleles. Assume that there are sites in the genome for which neither individual nor is missing any genotype and that these sites are indexed as . Then, we compute the allele sharing distance between individuals *i* and *j* as such that for and that for . We then construct a matrix of allele sharing distances between all pairs of individuals and apply classical multidimensional scaling to obtain components displayed in [figure 1](#mst089-F1){ref-type="fig"}.

Principal Components Analysis
-----------------------------

For principal components analysis (PCA) in this study, we focused on one data set that contained the Anuak, Afar, Oromo, Tygray, and Amhara from [@mst089-B33] and the Amhara from [@mst089-B43] and a second data set with only the Amhara from [@mst089-B33] and the Amhara from [@mst089-B43]. For a given data set, we considered site in the genome only if no individual had a missing genotype at that site. Further, for a given data set, we considered site in the genome only if it was polymorphic within the sample of individuals in that data set. That is, if there are individuals in the data set, and , , is the frequency of the reference allele at site in individual , then site is considered only if is neither 0.0 nor 1.0. Each individual at site was represented by their reference allele frequency , and we created an matrix , with individuals representing the rows, sites used for the data set representing the columns, and the entry in row and column being . We then centered by subtracting all entries in column by . We performed singular value decomposition on this centered matrix and extracted the first two eigenvectors to represent the first two principal components displayed in [supplementary figure S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online.

TreeMix Analysis
----------------

The data set that we use for TreeMix analysis contains the eight African populations from the HGDP data set (San, Mbuti Pygmy, Biaka Pygmy, Bantu from South Africa, Bantu from Kenya, Yoruban, and Mandenka), two African population from the HapMap3 data set (YRI and LWK), five Ethiopian populations from [@mst089-B33] data set (Anuak, Afar, Amhara, Tigray, and Oromo), four Middle Eastern population from the HGDP data set (Mozabite, Bedouin, Palestinian, and Druze), eight European populations from the HGDP data set (Adygei, Italian, Basque, French, Orcadian, Russian, Tuscan, and Sardinian), and two European populations from the HapMap3 data set (TSI and CEU). We considered only sites in a data set for which there was no population with all individuals missing their genotypes at that site. We ran TreeMix using the San as an outgroup, the sample size correction option, and with exactly three migrations to produce [supplementary figure S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online.

Admixture Analyses
------------------

We compared unrelated individuals from the Ethiopian ([@mst089-B33]) populations to unrelated individuals from the HapMap phase 3 populations ([@mst089-B18]; [@mst089-B34]) as well as to unrelated individuals from the HGDP populations ([@mst089-B41]; [@mst089-B25]). From these comparisons, and from previous results in [@mst089-B33], we observe that the individuals in our Ethiopian data set are probably admixed ([fig. 1](#mst089-F1){ref-type="fig"}), and it was, therefore, necessary to control for admixture within our analyses because admixture can mimic signals of positive selection. To correct for admixture, we employ the European population as a proxy to represent the non-African population that contributed genetic material to the Ethiopian populations. For each population (i.e*.*, Amhara, Tigray, Oromo, Afar, Anuak, and European), we calculated allele frequencies at each locus. To control for admixture, we followed [@mst089-B6]. We assumed that the low- and high-altitude Ethiopian populations were a mixture between the Anuak (the outgroup population) and the European population (the nine unrelated CEU individuals from the Complete Genomics data set; [@mst089-B12]). This assumption is reasonable given that the Afar, the Amhara, and the Tigray cluster between Europeans and the Anuak (see [fig. 1](#mst089-F1){ref-type="fig"}). Under this assumption, at a given locus *k,* we can calculate the pseudo unadmixed allele frequency for each population by where *α* is the proportion of European admixture ([@mst089-B6]). We employed the value of *α* that minimizes between the Anuak and the corresponding population (e.g., Afar, Tigray, Amhara, Oromo, or the combined Amhara--Tigray or Amhara--Tigray--Oromo populations). To compute , we used the formula derived in [@mst089-B40].

To calculate the mean European admixture in the *MYEF2-SLC24A5* region for the Afar, Amhara, and Tigray, we averaged the values of *α* across all SNPs within the region ranging from 50 kb upstream of *SLC24A5* to 50 kb downstream of *MYEF2.*

We did not find the same *MYEF2-SLC24A5* region to be under selection in the Oromo population. However, results from [@mst089-B33] show that the Oromo also have received some non-African admixture, and thus, we also applied the correction to the Oromo population.

Population Branch Statistic
---------------------------

To detect regions under selection, we calculated the PBS ([@mst089-B50]). This test of selection takes three populations that have an evolutionary relationship illustrated in [supplementary figure S11](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online. Population branch statistic (PBS) is similar to the "locus-specific branch length" statistic by [@mst089-B45], except that we use a log-transformation. We assume that the Anuak are an outgroup population to the Afar and the high-altitude populations---the Amhara, the Tigray, and the Oromo. Under a scenario of only genetic drift, we expect the high-altitude populations and the Afar to be more genetically similar than the high altitude--Anuak or the Afar--Anuak. If, however, there has been local adaptation in the high-altitude populations, then the regions targeted by positive selection would be highly diverged between the Afar and the high altitude, and the Afar--Anuak would be more similar than the high altitude--Anuak comparison ([supplementary fig. S11](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). Therefore, we should only detect genes that have been targeted by selection in the high-altitude populations. Because we know that one of the selective pressures is lower oxygen level, we expect to observe genes involved in the response to hypoxia.

We obtained RefSeq gene annotations from <http://genome.ucsc.edu/>, and we used the longest RefSeq identifier for the analysis. For a given gene, *F*~ST~ between a pair of populations, which is a measure of genetic differentiation between a pair of populations, was calculated using the formula from [@mst089-B40] across all SNPs within the genic region, such that each SNP is located within 50 kb of the transcription start and end of the gene. For each gene (±50 kb), we computed *F*~ST~ between population pairs Amhara--Afar, Amhara--Anuak, Tigray--Afar, Tigray--Anuak, (Amhara--Tigray)-Afar, (Amhara--Tigray)--Anuak, Oromo--Afar, Oromo--Anuak, (Amhara--Tigray--Oromo)--Afar, (Amhara--Tigray--Oromo)--Anuak, and Afar--Anuak. Using Anuak as our outgroup, Afar as our lowland population, and Amhara, Tigray, Oromo, Amhara--Tigray, or Amhara--Tigray--Oromo as our highland population. We calculated the PBS of the high-altitude population using the following formula: where is an estimate of the divergence time between the high altitude (HA) and low altitude (LA) populations. Similarly, is an estimate of the divergence time between the high altitude and outgroup populations and is an estimate of the divergence time between the low-altitude and outgroup populations. We calculated PBS ([@mst089-B50]) for each (highland, lowland, and outgroup) triple at each gene. Additionally, for each SNP used in the *F*~ST~ calculations, we required that at least 10 alleles (i.e., five individuals) were observed in each population within a (highland, lowland, and outgroup) triple. We computed PBS before and after correction of admixture, and the results are shown in [supplementary tables S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) and [S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, respectively. These two tables correspond to the case in which the two high-altitude populations (the Amhara and the Tigray) were combined. In both cases, the Anuak population was used as the outgroup population. We also performed the analysis requiring at least 20 alleles (10 individuals), and *BHLHE41* dropped from first place to second place. In the Oromo population, *BHLHE41* remained at the top of the list before and after correcting for admixture ([supplementary table S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, lists results after correcting for admixture).

Simulations with Selection and Admixture
----------------------------------------

Based on our observed results and those from [@mst089-B33], it is likely that the low- and high-altitude Ethiopian populations are admixed with non-African populations. Therefore, we wanted to investigate the effect that admixture has on our ability to identify selection signals, as it may mimic the effect of positive selection in the high-altitude population. Moreover, it is possible that the non-African population has itself experienced recent selection; therefore, it was also important to understand the influence of admixture in this case. We performed simulations to determine the impact of admixture on the PBS, to assess whether correcting for admixture improves inferences of positive selection, and to quantify how often we identify selection when it is in fact admixture from a population that has recently experienced positive selection. We considered two selection scenarios on the same demographic model. First, we considered the case in which the high-altitude population is targeted by positive selection and has a genetic contribution from a non-African population that has experienced a bottleneck in its demographic history. Second, we considered the case in which the high-altitude population receives a genetic contribution from a non-African population that has experienced both a bottleneck and positive selection. For an illustration of the models, see [supplementary figure S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online. We employed the software SFS_CODE ([@mst089-B16]) to simulate under the two selection scenarios. We simulated a region of 10 kb with per-generation per-site mutation and recombination rates of 10^−3^. We investigated a population-scaled selection coefficient *S* of 150 and 250, admixture proportions into the low- (*α*~1~) and high-altitude (*α*~2~) populations of (*α*~1~, *α*~2~) = (0.1, 0.2), (0.1, 0.3), (0.1, 0.4), and (0.2, 0.4), a time at which admixture occurs *T*~ADM~ of 1.5 and 3 thousand years ago (kya), with all other demographic parameters remaining fixed (see [supplementary fig. S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). For each simulation, we sampled 25 individuals from each population. The motivation for these recent admixture times stems from [@mst089-B33], who found that admixture into these populations was recent (∼2.5--3 kya). In addition, under the scenario in which selection occurs in the high-altitude population ([supplementary fig. S3*A*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online), we used a time of selection *T*~SEL~ of 1.5 kya and 3 kya, and under the scenario in which selection occurs in the non-African population ([supplementary fig. S3*B*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online), we used a time of selection of 5 kya. These time estimates are comparable to those estimated in [@mst089-B33].

We obtained 10^3^ simulated data sets under each parameter combination. For the scenarios in which selection occurs in the high-altitude population, we calculated the proportion of true positives under a specified false positive rate that was based on the corresponding neutral scenario (see [supplementary fig. S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). For two parameter combinations, we ran 10^4^ simulations and plotted the true positive rate as a function of false positive rate in the range from 0.0 to 0.05 (see [supplementary fig. S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online). [Supplementary figure S3*A*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, corresponds to *T*~ADM~ = 1.5 kya, *S* = 150, *T*~SEL~ = 1.5 kya, *α*~1~ = 0.1, and *α*~2~ = 0.4. [Supplementary figure S3*B*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, corresponds to *T*~ADM~ = 1.5 kya, *S* = 150, *T*~SEL~ = 1.5 kya, *α*~1~ = 0.2, and *α*~2~ = 0.4. For the scenario with selection in the non-African population, we calculated the proportion of times (out of 10^3^) that a simulation is falsely called a positive for a specified false positive rate (see [supplementary fig. S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online).

Expected Number of Hypoxia Genes
--------------------------------

Because of multiple testing, the probability of finding a SNP in or near a hypoxia-related gene increases as the number of tests increase. We restricted our set of genes to those that are within 50 kb of any SNP to estimate the total number of all possible genes that could be captured with the given data. Then, focusing on the top 0.10% of SNPs in our study, we identified the number of genes that were within 50 kb of these SNPs. To approximate the number of hits for hypoxia genes that we should expect by chance, we sampled the same number of unique genes that we identified using the top 0.10% of SNPs from the set of all possible genes. The reason for sampling the same number of unique genes that we identified using the top 0.10% of SNPs is because we wanted to maintain the SNP structure found in the real data. Finally, we counted the number of genes in the intersection of that random set and the hypoxia-related gene set (see Definitions of Hypoxia Gene Set). We repeated this experiment 10^3^ times to derive an empirical null distribution and compute the expected number of hits by chance. [Supplementary table S7](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online, contains the median number of hypoxia-related genes we would expect to see based on this empirical null distribution under each of the different population scenarios.

Definitions of Hypoxia Gene Set
-------------------------------

The AmiGO tool (<http://amigo.geneontology.org>, last accessed December 9, 2010) was used to list all genes within the Gene Ontology biological process term "response to hypoxia" plus all descendent terms (GO:0001666 "response to hypoxia,\" GO:0071456 "cellular response to hypoxia" and GO:0070483 "detection of hypoxia"). This resulted in a set of 152 unique human genes (see [supplementary table S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) online).

Supplementary Material
======================

[Supplementary figures S1--S11](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) and [tables S1--S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst089/-/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org/>).

###### Supplementary Data

This work was supported by research grants from the US NSF to E.H.-S. (DBI-0906065) and to M.D. (DBI-1103639) and the US NIH (R01HG003229) to R.N. and to E.H.S (R01HG003229-08S2). We are grateful to two anonymous reviewers for their comments on an earlier version of the manuscript.

[^1]: ^†^These authors contributed equally to this work.

[^2]: **Associate editor:** Joshua Akey
